We report what is to our knowledge the first observation of synchronous coherent injection locking of an actively mode-locked extended cavity semiconductor laser to an external light pulse train. In the temporal domain, we observed experimentally and verified theoretically a significant narrowing of the output pulse of the mode-locked laser. In the spectral domain, we demonstrated experimentally the narrowing of the output optical spectrum that was due to rejection of spectral components outside the spectral band of the locking pulses. Locking ranges, in the time and the frequency domains, were measured to be -200 ps and -5 nm, respectively.
Injection locking of cw semiconductor lasers was thoroughly studied as a means of externally stabilizing an optical lasing frequency' and as a generic source for interesting nonlinear dynamics in the optical regime. 2 On the other hand, mode-locked lasers are displaying their own range of dynamic behavior. 3 ' 4 The combination of the injection-locking phenomenon with the mode-locked operation is the subject of this Letter. Related configurations have been discussed, such as the self-injection seeding in passively mode-locked lasers, 5 mode locking by the self-coupling of lasers to external cavities, 6 and cw injection seeding of mode-locked laser. 7 The full-fledged scheme, engaging a mode-locked laser with an independent pulsed light source for synchronous coherent injection locking, has not yet been addressed. This integration is of possible practical implication for fast synchronization of optical clocks and for optical signal regeneration and is of basic interest because of the rich variety of expected dynamic behavior. We report what are to our knowledge the first measurements of coherently coupled independent mode-locked lasers, demonstrating simultaneous improvement of the spectral definition and of the temporal width of the mode-locked semiconductor laser. We describe the experimental setup and results and compare them with simulation results. The experimental setup ( Fig. 1) consisted of an actively mode-locked extended-cavity InGaAs/GaAs multiple-quantum-well diode laser, operating at 980 nm (the slave laser) and a tunable passively mode-locked Ti:sapphire laser (Mira 900), operating at a -80-MHz repetition rate (the master laser). We achieved synchronization by detecting the Ti:sapphire pulses and superimposing the resulting current pulses (2 ns, 5 mA) on a direct-current bias to drive the active mode locking of the diode laser. The extended cavity was adjusted to match the cavity length of the Ti:sapphire laser. Subsequently, the picosecond pulses from the Ti:sapphire laser were attenuated, their polarization was rotated to be either parallel or orthogonal to the diode laser output polarization, and the pulses were injected into the diode laser. By changing the electrical delay of the mode-locking signal, we controlled the temporal overlap of the pulses from the two lasers. The lasing output of the extended cavity laser was monitored by a fast, 18-GHz-bandwidth, P-I-N photodiode, a sampling oscilloscope, and a radio-frequency spectrum analyzer. Optical spectra were measured by an optical spectrum analyzer with 0.1-nm resolution.
The slave laser was biased slightly above its threshold current level (57 mA) and had an average output power of 0.5 mW. By measurement of the induced photocurrent at the diode laser under zero bias, the injection level of the light pulse train into the diode laser was estimated to be less than 0.1 mW. At the operating bias, and under unsynchronized optical injection, the current modulation that was due to the injected pulses for both polarizations, -75 dBm, was negligible. Without the optical injection the modelocked pulse width at half-maximum was relatively broad, -200 ps (Fig. 2) , because of an imperfect antireflection coating on the diode laser facet and the incoherent multiband operation of the laser 7 (Fig. 3) . Injection of pulses with orthogonal polarization (TM) did not result in a noticeable effect on the slave laser pulses (Fig. 2) . However, injection of pulses with parallel polarization (TE) resulted in significant changes of the operational characteristics (Figs. Fig. 3 . Optical frequency locking. The spectra are of the injected pulse (I), the free-running mode-locked diode laser (II), and the mode-locked diode laser with parallel injection (III). and 3). The slave laser pulse under such injection was pulled toward the input pulse, and it was narrowed considerably to 70-100 ps at half-maximum. Possible narrower pulses could not be extracted because of the bandwidth limitation of the detection system. The optical spectrum was narrowed to the spectral width of the injected pulse (Fig. 3) .
Unlike in the cw injection-locking case,' the range of the synchronous injection locking should be considered not only in the optical spectrum domain but also in the temporal and modulation frequency domains. The temporal locking range (both temporal pulling and pulse narrowing) was measured (Fig. 4 ). An advanced injected pulse had -200 ps of locking range, whereas a delayed pulse had a much smaller interaction length. The optical wavelength locking range, which we examined by scanning the injected pulse's central wavelength, was found to be essentially as wide as the slave laser optical bandwidth, namely, -5 nm (Fig. 3) . We tested the optical locking of the repetition rate by detuning the relative repetition rate of the two lasers. We performed the latter step by mixing the electrical driving signal (derived from the detection of the injected pulse train) with a low-frequency component. The temporal output of the system was optically synchronized to the injection pulse repetition rate only within the frequencydetuning range of -2 kHz.
We modeled the injection-locked actively modelocked laser by employing a unification of models describing mode locking 3 and injection locking.' The resultant dynamics is described by the following equations [see Fig. 5(a) for the modeling scheme]: Aout = exp(2GL)A,, + exp(GL)cA, cos(FjDin -(.), (1) (>out = (Din -a2GL + caGLA. sin(Fin -(D.), (2) We used traveling-wave notation and a numerical delay as the feedback mechanism. It was assumed that the detailed propagation in the diode amplifier can be replaced by an analytical integration. 8 This integration reduced the computational complexity but maintained the necessary temporal resolution and accuracy. By numerically tracking the evolution of the light pulse emerging from the slave semiconductor mode-locked laser [ Fig. 5(b) ], we observed that when the coherent injected signal was turned on the mode-locked operation of the slave laser was clearly enhanced. The slave laser pulses were temporally pulled to the injected pulse train in the range of 50 ps (the temporal locking range) and the output pulse width decreased from -20 to -5 ps. When the coupling constant was increased above a critical level, instability and pulse breaking were observed. Experimental indications for these instabilities have been observed but are not given here.
By injection of a pulse train from a mode-locked laser into the actively mode-locked diode laser, we achieved locking and an overall enhancement of the output characteristics simultaneously. We observed a narrower pulse as well as reduced uncertainty of the central lasing wavelength owing to the elimination of many spectral bands of the lasing spectrum. This result is different from that of cw injection seeding of a mode-locked laser, 7 which drastically eliminated most of the lasing spectrum and was accompanied by an unavoidable deterioration of the temporal width of the mode-locked output. We verified that the dominant interaction of the injected optical signal with the slave mode-locked laser was by a coherent injection-locking process. First, the injected pulse wavelength overlapped the emission spectrum of the slave laser, and its intensity was monitored and seen to be a small fraction of that of the slave mode-locked laser. Under lasing conditions the photocurrent induced in the slave laser was negligible, which confirmed that no carrier modulation by absorption was taking place. Furthermore, the observation that the locking effects were produced only by injection of pulses of the same polarization of the slave laser provided additional evidence of coherent interaction. The coherent nature of the interaction was confirmed also by the results of the model, in which a small coherently injected signal produced locking effects similar to those obtained in our measurements.
The temporal locking range was asymmetrical, because of the asymmetry of the gain' and the prevailing dynamic detuning' effect. Locking to an advanced injected pulse occurred during relatively long interpulse delays, when the gain loss of the pulled pulse was compensated by the additional coherent gain of the injected pulse. The temporal locking range for delayed injection was much smaller. These observations were obtained both theoretically and experimentally. The locking range in the spectral domain (-5 nm) was much larger than the corresponding range obtainable for cw single-mode injection locking. This can be understood by considering the wide bandwidth of both the injected and the free-running pulses, which because of their multimode contents automatically ensures the overlapping of the modes. In our locking scheme the maximal possible interlaser modal detuning was half the modal spacing (40 MHz). This makes the injection locking of mode-locked lasers much less sensitive to optical frequency instabilities.
In summary, we have presented an analysis of a mode-locked semiconductor laser with synchronous coherent pulse injection. Both model and experimental results confirmed the existence of a locking regime and the pronounced effects on the operation of mode-locked lasers while they are subjected to the external locking interaction. The limitations on the temporal and frequency locking ranges have been addressed. This study was supported by the Israel Ministry of Science under contract 4282-1-93.
